In this paper, low-temperature solid-state processes of the dehydrogenation of ammonia borane (NH 3 BH 3 , AB) samples of different purity are compared under the conditions of isothermal heating at 100 • C, as well as in the course of thermal analysis which was also carried out at different rates of heating. The composition of boron-containing impurities was studied by attenuated total reflection Fourier transform infrared spectroscopy (ATR FTIR) and 11 B magic angle spinning nuclear magnetic resonance ( 11 B MAS NMR). Accumulation in AB of three-and four-coordinated borate anions upon contact of hydride with air moisture is established. The apparent activation energies were calculated from thermal analysis data, and found to decrease from 174 to 163 kJ/mol as the AB purity decreased from 93% to 79%. This showed itself in a shortening of the induction period during the AB thermolysis under isothermal conditions. The prospects of using the thermal analysis for estimating NH 3 BH 3 reactivity are discussed.
Introduction
With the progress in the development of hydrogen economy in the last decade, there has been much interest in ammonia borane [1, 2] . As follows from the literature, the main competitive advantages of ammonia borane (AB, NH 3 BH 3 ), as compared with other hydrides, consist in the following: the compound is a solid air-stable crystalline substance containing 19.6 wt % of hydrogen, which corresponds to three equivalents of H 2 ; the compound is capable of releasing the first equivalent of relatively pure H 2 in low-temperature thermolysis (~100 • C) (1) . The release of the second equivalent of H 2 (2) taking place at around 150 • C is, however, complicated by the formation of toxic boron-containing gases [3, 4] . The third stage of the NH 3 BH 3 thermolysis (3) is beyond the researchers' interest because it requires the use of high temperatures [4] . xNH 3 BH 3 → [NH 2 BH 2 ] x + xH 2 ↑~100
• C ∆m = 6.5 wt %
[NH 2 BH 2 ] x → [NHBH] x + xH 2 ↑~150
• C ∆m = 13 wt %
[NHBH] x → BN + xH 2 ↑ > 500 • C ∆m = 19.6 wt %
These Equations are rather often used for an overall description of AB dehydrogenation, but they do not reflect the complexity of the process [5] [6] [7] . For the pathways of AB conversion, the structure of the intermediate compounds depends on the conditions used to carry out the process. So far, Inorganics 2019, 7, 96 2 of 10 no mathematical modeling of the release of the first equivalent of H 2 has been made, which would take into account the multi-stage character of the process and the parameters of individual stages. One of the universal and widely employed approaches used to estimate AB reactivity and determine apparent energies of activation and effective rate constants is the Kissinger Equation (4), which is used for the description of the data of thermal analysis at different heating rates [8] :
where A 0 is a pre-exponential factor (min −1 ), E a is apparent activation energy (kJ/mol), β is the rate of heating (K·min −1 ), and T m is the temperature at the point of the maximum (K) in a differential thermal analysis (DTA) and differential scanning calorimetry (DSC) curve. It has been shown, for one and the same sample of AB, that the values obtained by the Kissinger Equation are in good agreement with the results obtained by other methods used for the description of topochemical processes (Ozava-Flynn-Wall, ASTM) [9] . However, for the first stage of the AB thermolysis (1), the energies of activation calculated by the Kissinger Equation (4) showed a rather large scatter from 120 to 180 kJ/mol [8] [9] [10] [11] . Such a wide range of activation energies is in sufficiently good agreement with the conclusions made in [12] , where the thermal behavior of AB has been shown to be primarily determined by the method of preparation.
In describing the details of an experiment, the authors always indicate the origin of the hydride. In the case of a commercial sample, its initial purity is indicated. However, opening the container with the reagent in the air or its storage under different conditions may lead to its slow hydrolysis, worsening of the purity and accumulation of hydrolysis products. By the present time, there has been practically no information in the literature about AB transformations during its storage and their influence on hydride thermal behavior [13] . On the other hand, handling AB under inert conditions is not practically acceptable, since AB stability and safety of its handling in the open air constitute its competitive advantages. Therefore, it is necessary to know how the decrease in AB purity will tell upon its ability to release hydrogen in the course of heating.
In this work, the reactivity of an AB sample with a purity of 79% (AB 79%), which has been stored in a periodically opened desiccator for 12 years, is compared with the reactivity of an AB sample with 93% purity (AB 93%). The comparison is performed under the conditions of isothermal heating at 100 • C, and under the conditions of the heating at a fixed rate (1-10 • C·min −1 ). The composition of the formed impurities is studied by ATR FTIR and 11 B MAS NMR.
Results
Despite the fact that ammonia borane is considered to have the highest air moisture stability among hydrides, it still decomposes slowly when stored for many years. Our experience shows that, in a closed container, its purity decreases by about 1% annually (based on observations over 12 years). Figure 1 shows the kinetic curves of hydrogen release from the AB sample with 93% purity, as well as the stored AB sample with 79% purity. The experiment was performed under isothermal conditions at the temperature of the external heating of the reactor of 100 • C. The thermolysis of AB under such conditions has been well-studied [14] [15] [16] [17] [18] . Its dehydrogenation occurs by stage (1) and shows an induction period, characteristic of topochemical processes, during which destabilization of dihydrogen bonds of the AB crystal lattice takes place, as well as melting of AB and its isomerization to diammoniate diborane (DADB), and the nucleation and growth of the new phase of polyaminoborane. As expected, the yield of hydrogen from the AB 79% sample was smaller than that from the AB 93% sample. Moreover, the induction period for the less pure sample (AB 79%) was considerably shorter, which allowed us to suggest that the products of its decomposition during storage accelerated formation of the DADB phase, which then acted as an initiator of AB dehydrogenation. The ammonia borane samples were studied by ATR FTIR spectroscopy and 11 B MAS NMR. The 11 B MAS NMR spectra are shown in Figure 2 . It is seen that both samples show an intense peak at −27 ppm, which is in good agreement with the data for ammonia borane given in the literature [2, 18] . In the spectrum of the stored AB, there are additional peaks at 0-20 ppm, characteristic of borate anions. The narrow signal at ca. 2 ppm refers to four-coordinated boron atoms, BO4. Broader components at low field shows a typical lineshape, arising from the central transition perturbed by second-order quadrupolar interactions that cannot be averaged under magic angle spinning conditions. This resonance is characterized by the quadrupole-coupling constant Qcc = 2526 Hz and asymmetry parameter ηQ = 0.05, and thus can be referred to planar triangle BO3 structures [19] . The full interpretation of the composition and structure of the products forming in the AB storage is a difficult task. Note that one may expect formation of a series of compounds. The process of interaction of ammonia borane with water can be represented as follows [20] [21] [22] :
Therefore, there may take place formation of boric acid, including its dehydrogenated species, as well as of products of its interaction with ammonia-ammonium borates with different compositions and contents of crystallization water [23] .
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The ATR FTIR data are in full agreement with the results of the 11 B MAS NMR spectroscopy. From Figure 3 , it is seen that ammonia borane is, indeed, stable towards the action of moisture. The spectrum of the AB grains which were wetted by water and kept for 15 days in the open air at a Inorganics 2019, 7, 96 4 of 10 humidity not higher than 15% practically coincides with the spectrum of the initial hydride described in [2, 24, 25] . Artificial ageing of ammonia borane by its longer contact with the open-air moisture (five months at a humidity of higher than 30%) and by heating of water-wetted grains of AB led to the appearance of new absorption bands (a. b.) in the IR spectra of the samples. It should be noted that the set of the a. b., appearing upon the AB interaction with water, was the same in all cases under study, and was in full agreement with the additional absorption bands observed in the spectrum of the stored AB 79% sample in Figure 3 .
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The calculated values of the apparent activation energy (E a ) for the samples AB 93% and AB 79% are 174 ± 5 kJ/mol and 163 ± 7 kJ/mol, respectively. The values of the pre-exponential factor (A 0 , min −1 ) are 8.30700 × 10 22 (±0.1 × 10 6 ) for AB 93% and 0.29295 × 10 22 (±0.2 × 10 6 ) for AB 79%. Note that the values E a~1 60-180 kJ/mol have also been reported in other studies devoted to solid-state AB dehydrogenation [11, [28] [29] [30] [31] . The obtained values of the apparent energy of activation are in good agreement with the value of 161 ± 7 kJ/mol given in our previous study [14] , where the kinetic curves of hydrogen release in the thermolysis of a mixture of 87% pure AB with quartz sand under the isothermal conditions (85-99 • C) were described by the empirical Avrami-Erofeev Equation. Note that the calculated values of the activation energy for the monomolecular and intermolecular stages of dehydrogenation are 161.1 and 149.9 kJ/mol, respectively. These energy barriers exceed the energy needed for the cleavage of the B-N bond (120.5 kJ/mol), which indicates that the reaction takes a complex pathway [5] .
174 ± 5 kJ/mol and 163 ± 7 kJ/mol, respectively. The values of the pre-exponential factor (A0, min −1 ) are 8.30700 × 10 22 (±0.1 ×⋅10 6 ) for AB 93% and 0.29295 ×⋅10 22 (±0.2⋅× 10 6 ) for AB 79%. Note that the values Ea ~ 160-180 kJ/mol have also been reported in other studies devoted to solid-state AB dehydrogenation [11, [28] [29] [30] [31] . The obtained values of the apparent energy of activation are in good agreement with the value of 161 ± 7 kJ/mol given in our previous study [14] , where the kinetic curves of hydrogen release in the thermolysis of a mixture of 87% pure AB with quartz sand under the isothermal conditions (85-99 °C) were described by the empirical Avrami-Erofeev Equation. Note that the calculated values of the activation energy for the monomolecular and intermolecular stages of dehydrogenation are 161.1 and 149.9 kJ/mol, respectively. These energy barriers exceed the energy needed for the cleavage of the B-N bond (120.5 kJ/mol), which indicates that the reaction takes a complex pathway [5] . The values of Ea obtained in this work indicate that the decrease in AB purity and the accumulation in it of the products of hydrolysis lead to a decrease in the apparent activation energy, which is consistent with the shorter induction period in the isothermal dehydrogenation of the stored AB 79% in Figure 1 . Besides, the obtained results are in agreement with the previously published results, showing that the addition to AB of H3BO3 [9, 32, 33] , B2O3 [9] and NH4B5O8⋅4H2O [32] accelerates the process of its thermolysis. It should be noted that in [9] , by using the Kissinger, Ozawa-Flynn-Wall, and ASTM (American Society for Testing and Materials) methods, a decrease in Ea has been demonstrated for the thermolysis of a ball-milled mixture of AB with boric acid or boron oxide (50 wt %). The value of Ea for the neat AB was ~120 kJ/mol, and after the addition of the dopants, it was decreased to ~100 kJ/mol. Thus, the value of Ea was decreased by ~15%. In our case, the change in this value was by ~6%, which we believe was due to only a 14 wt % difference in the content of borate impurities between AB 79% and AB 93%.
Note that at the rate of heating of 1 °C/min, which is preferable to achieve thermodynamically equilibrium states, the temperatures of melting for AB 79% and AB 93% are 104.5 °C and 107.9 °C, respectively in Figure 5 . It can be suggested that the presence of impurities with an ionic structure may have an influence on the polar dihydrogen bonds of the AB crystal lattice, promoting their destabilization and reducing the melting temperature. This causes the AB isomerization to DADB to proceed at a faster rate and, hence, lead to a shorter induction period, and this did take place in Figure 1 . Of course, this suggestion requires further investigation, including the use of quantum chemical calculations. It can only be said that boric acid is known from the literature to be capable of forming adducts via hydrogen bonds with amino groups of organic compounds [34] .
We believe that the smaller value of Ea for the neat AB may be determined not only by the AB purity, but also by the conditions of the thermolysis, where the material and design of the crucible, The values of E a obtained in this work indicate that the decrease in AB purity and the accumulation in it of the products of hydrolysis lead to a decrease in the apparent activation energy, which is consistent with the shorter induction period in the isothermal dehydrogenation of the stored AB 79% in Figure 1 . Besides, the obtained results are in agreement with the previously published results, showing that the addition to AB of H 3 BO 3 [9, 32, 33] , B 2 O 3 [9] and NH 4 B 5 O 8 ·4H 2 O [32] accelerates the process of its thermolysis. It should be noted that in [9] , by using the Kissinger, Ozawa-Flynn-Wall, and ASTM (American Society for Testing and Materials) methods, a decrease in E a has been demonstrated for the thermolysis of a ball-milled mixture of AB with boric acid or boron oxide (50 wt %). The value of E a for the neat AB was~120 kJ/mol, and after the addition of the dopants, it was decreased to~100 kJ/mol. Thus, the value of E a was decreased by~15%. In our case, the change in this value was by~6%, which we believe was due to only a 14 wt % difference in the content of borate impurities between AB 79% and AB 93%.
Note that at the rate of heating of 1 • C/min, which is preferable to achieve thermodynamically equilibrium states, the temperatures of melting for AB 79% and AB 93% are 104.5 • C and 107.9 • C, respectively in Figure 5 . It can be suggested that the presence of impurities with an ionic structure may have an influence on the polar dihydrogen bonds of the AB crystal lattice, promoting their destabilization and reducing the melting temperature. This causes the AB isomerization to DADB to proceed at a faster rate and, hence, lead to a shorter induction period, and this did take place in Figure 1 . Of course, this suggestion requires further investigation, including the use of quantum chemical calculations. It can only be said that boric acid is known from the literature to be capable of forming adducts via hydrogen bonds with amino groups of organic compounds [34] .
We believe that the smaller value of E a for the neat AB may be determined not only by the AB purity, but also by the conditions of the thermolysis, where the material and design of the crucible, the drying of the gases, and the AB contact with moisture at the stage of weighing and the preparation of the experiment are also important. For example, it has been shown in [35] that the use of a copper crucible for the thermal analysis of AB had an influence on the process energy and led to AB oxidation to boric acid. Also, it has been reported in [14, 36] that increasing the heat conductivity of the reaction layer where the AB is decomposed led to a longer induction period and a reduction in the contribution of the side processes associated with the evolution, into the gas phase, of boron-containing impurities (borazine, diborane, and others). Apart from the material of the crucible, the size of the outlet hole through which the gas evolving from AB passes into the flow of the carrier gas also plays a role [37] .
Materials and Methods
The sample of NH 3 BH 3 with the purity of 93% (AB 93%) was prepared and characterized as described in [38] . According to X-ray diffraction, the average size of the coherent scattering region was equal to 70 nm. The sample of AB with the purity of 79% (AB 79%) differed, in that it had been stored for 12 years in a desiccator which was periodically opened. The purity of the hydride was estimated experimentally by its catalytic hydrolysis in the presence of an active cobalt-boride catalyst, taking into account that one mole of ammonia borane gave three moles of hydrogen [39] .
The H 2 release during AB solid-state thermolysis was studied by the volumetric method at 100 • C. The experimental set-up consisted of an oil bath with an RCT basic magnetic stirrer (IKA, Staufen, Germany) with an external IKATRON ETS-D4 Fuzzy temperature controller (IKA, Staufen, Germany), a 32 mL glass reactor equipped with a condenser and a thermocouple in a quartz jacket suitable for temperature measurements inside the solid reaction layer. A gas-collecting system with a trap filled with a 5 wt % water solution of CuSO 4 was connected to a 100 mL gas burette with a resolution of 0.2 mL, and 100 mg of the AB sample was loaded into the reactor. The reactor was sealed and immersed into the oil bath, which was heated to the required temperature. The measured volume of hydrogen was corrected to n.t.p, taking into account the thermal expansion of the air inside the system. The data obtained was expressed in terms of H 2 equivalents, the number of moles of H 2 released from one mole of AB.
Attenuated total reflection Fourier transform infrared spectroscopy (ATR FTIR) was performed on an Agilent Cary 600 (Agilent Technologies, Santa Clara, CA, USA) spectrometer equipped with a Gladi ATR (PIKE Technologies, Madison, WI, USA) attachment in the range of 300-4000 cm − The thermal analysis of the compounds was made on a Netzsch STA 449 C Jupiter instrument equipped with a DTA/TG holder (NETZSCH, Selb, Germany) in the temperature range 20-300 • C. The AB sample (5 mg) was placed into an open alumina crucible and heated under a flow of dry He at a heating rate varying from 1 to 10 • C/min. The 11 B magic angle spinning nuclear magnetic resonance (MAS NMR) spectra were collected with a Bruker Avance 400 spectrometer (Bruker, Billerica, MA, USA) operating at a Larmor frequency of 128.38 MHz. The samples were spun in ZrO 2 rotors at 8 kHz. The pulse length of 6 µs was used corresponding to the 45 • pulse for a H 3 BO 3 aqueous solution. For each spectrum, 80 scans were accumulated with a recycle delay of 10 s. The chemical shifts were referenced to NaBH 4 (δ = −41 ppm) as an external standard [16] . Spectra were simulated with the use of the Dominique Massiot's Fit (DMFIT) software [40] .
Conclusions
The results of our study show that, in spite of its stability, the AB contact with the air moisture caused its slow hydrolysis, as well as the accumulation of three-and four-coordinated borate anions, typical of the borates of ammonium and metaboric acid. The full interpretation of the composition and structure of the forming impurity compounds is difficult because of their variety, different degrees of crystallinity, and the extent of hydration. It was shown that the impurities formed during the long storage of AB, and its rapid heating at 80 • C in the presence of water had identical compositions. Calculations of the thermal analysis data have shown that with the reduction in the AB purity from 93% to 79% during the 12 years of storage in a periodically opened desiccator, as calculated by the Kissinger Equation, there was a decrease in the apparent activation energy for the first stage of AB dehydrogenation (1) from 174 to 163 kJ/mol. In the case of the isothermal solid-state AB dehydrogenation, this presented itself in a shortening of the induction period.
The method of the thermal analysis can be considered as a universal and standardized approach to the estimation and comparison of the reactivity of samples of AB studied by different research teams, where the values of the apparent activation energy will be compared. However, this will require a rather full description of the experimental conditions, and for the effect of AB purity on the calculated kinetic parameters to be taken into account. 
